Conductive carbon nanocoatings (conductive carbon layers-CCL) were formed on -Al 2 O 3 model support using three different polymer precursors and deposition methods. This was done in an effort to improve electrical conductivity of the material through creating the appropriate morphology of the carbon layers. The best electrical properties were obtained with use of a precursor that consisted of poly-N-vinylformamide modified with pyromellitic acid (PMA). We demonstrate that these properties originate from a specific morphology of this layer that showed nanopores (3-4 nm) capable of assuring easy pathways for ion transport in real electrode materials. The proposed, water mediated, method of carbon coating of powdered supports combines coating from solution and solid phase and is easy to scale up process. The optimal polymer carbon precursor composition was used to prepare conductive carbon nanocoatings on LiFePO 4 cathode material. Charge-discharge tests clearly show that C/LiFePO 4 composites obtained using poly-N-vinylformamide modified with pyromellitic acid exhibit higher rechargeable capacity and longer working time in a battery cell than standard carbon/lithium iron phosphate composites.
Introduction
There are many reports on the improvement of electrochemical performance of electrode materials for lithiumion batteries using carbon coatings [1] [2] [3] [4] [5] [6] [7] [8] [9] . The compounds reported for the coating formation include carboxylic acids [2] , polyalcohols [3] , resins [4, 5] , and sugars [6] . To form the carbon coatings, the compounds were deposited on the electrode material grains and pyrolysed. However, morphology of these layers was not discussed in detail. Characteristic of carbon coatings deposited on electrodes is that they can react with the electrolyte thereby giving rise to the formation of passive insulating layers. To avoid these destructive effects, the carbon conductive layers should stick well to the electrode material and be able to reduce an interface area of the electrode/electrolyte composite. This reduction is needed to retard the growth of the solid electrolyte interface (SEI) that is responsible for the magnitude of the ion transport across the interface. In view of the above, the formation of nanochannels (the appropriate porous structure) in the conductive carbon layers (CCL) can provide suitable pathways for the transport of ions (e.g., Li + ) from the electrolyte to the cathode and vice versa. Such a composite material should assure also a sufficient electrical conductivity.
The aim of the present work was to study the influence of different polymer precursors, methods of their deposition and transformation into CCL on the morphology, electrical properties, and the performance of formed layers on the surface of LiFePO 4 active cathode material in lithium battery cell. A model composite system consisting of the CCL formed on fine grains of -Al 2 O 3 was chosen. The -alumina is a well-defined inert support for the CCLs preparation and characterization because of its chemical and thermal stability and insulating behavior. The system was studied with thermal gravimetric analysis (TGA), Raman spectroscopy (RS), electrical conductivity (EC), specific surface area (BET-N 2 ) measurements, and finally by transmission electron microscopy (TEM). Optimal composition of polymer carbon precursor was used to prepare C/LiFePO 4 cathode composites.
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Composites with 7 wt% of carbon were characterized using electrical conductivity measurements (EC) and transmission electron microscopy (TEM). The galvanostatic tests using CR 2032 cells were carried out to reveal electrochemical behavior of C/LiFePO 4 nanocomposite material.
Material and Methods
The idea of C/ -Al 2 O 3 composite preparation is presented in Figure 1 . Two methods of the composite precursors formation were applied.
In the first, the free radical precipitation polymerization of freshly distilled acrylonitrile (AN) was performed in the presence of -Al 2 O 3 grains (POCh, Poland, 99.99%, BET = 24 m 2 g −1 ). The procedure was described in our previous paper [10] . Briefly, C/ -Al 2 O 3 grains were suspended in water solution of AN (7 wt.%) and the polymerization was initiated by 2,2 -azobis(isobutyramidine hydrochloride) (Aldrich), upon which the obtained PAN/ -Al 2 O 3 samples were washed, filtered, and dried in the vacuum at 50 ∘ C. In the second method, the -Al 2 O 3 grains were impregnated with polymers in water solutions. The polymers used were poly-N-vinylformamide (PNVF) obtained by radical-free polymerization from N-vinylformamide (Aldrich) [11] and pyromellitic acid modified (5-10 wt.%) PNVF (MPNVF) [12] . To achieve the impregnation, -Al 2 O 3 grains were suspended in the solutions of respective polymers in water (8-15 wt.%). Suspensions were stirred continuously until the solvent evaporated and the viscosity of the solutions became high enough to avoid sedimentation. Then the samples were dried in an air drier at 90 ∘ C overnight. Mass ratios, at which the polymer precursors were combined with -Al 2 O 3 in the above composite precursors preparation procedures, are compiled in Table 1 .
To obtain C/ -Al 2 O 3 composites, following the preparation, the PAN/ -Al 2 O 3 , PNVF/ -Al 2 O 3, and MPNVF/ -Al 2 O 3 composite precursors were pyrolysed in a tube furnace under the flow of 99.999% argon (5 dm 3 h −1 ) at 550 and 600 ∘ C for 24 h. Active carbon was placed in front of the samples to consume traces of oxygen and thus minimize losses in the carbon layers.
The obtained C/ -Al 2 O 3 composites were deep black with foamed slag-like structure, the one prepared from the MPNVF precursor being special in that it looked glassy and lustrous like graphite.
LiFePO 4 powder was produced using high temperature ceramic synthesis which is described in detail in [13] . C/LiFePO 4 composites were prepared from the PNVF and MPNVF precursor (with 5% content of pyromellitic acid) by wet polymer impregnation followed by controlled pyrolysis. PNVF/LiFePO 4 and MPNVF/LiFePO 4 were calcined in 600 ∘ C for 12 h under constant argon (99.9997%) flow. Carbon content in composites was determined by the temperature programmed oxidation (TPO) using TGA [12] . All the samples prepared were subjected to further analysis.
The Raman spectroscopy measurements were performed for model composites (C/ -Al 2 O 3 ) on thin pellets containing 10 mg of the carbon sample and 200 mg of KBr. The carbon samples were prepared by pyrolysis under the same process conditions as those applied in composites preparation. Spectra were recorded at room temperature using a triple grating spectrometer (JobinYvon, T 64000) equipped with a liquid nitrogen cooled CCD detector (JobinYvon, Model CCD3000). The spectral resolution of 2 cm −1 was set. An excitation wavelength at 514.5 nm was provided by an Arion laser (Spectra-Physics, Model 2025). The laser power at the sample position was about 20 mW. Raman scattered light was collected with a 135 ∘ geometry, and 5000 scans were accumulated to ensure acceptable signal-to-noise ratio.
The electrical conductivity of the composites was measured using the 4-probe method at temperatures from the range between −40 ∘ C and +55 ∘ C. Due to their high elasticity, the carbon coated composite powders failed to be prepared in the form of pellets by the standard procedure. Instead, the powders were placed in a glass tube and pressed by a screwpress between parallel gold disc electrodes ( = 5 mm) till the measured resistance remained constant.
The specific surface area measurements of the composites were performed in Micrometrics ASAP 2010 using the BET isotherm method. For that about 500 mg of each sample was degassed at 250-300 ∘ C for 8 h under a pressure of 0.26-0.4 Pa and subjected to N 2 sorption at −195.8 ∘ C. The pore size distribution was determined using the BJH method.
Transmission electron microscopy investigation was performed using TECNAI G F20 (200 kV) coupled with an energy dispersive X-ray spectrometer (EDAX). In order to fully describe morphology of obtained composite grains, analysis was carried out in a bright field (BF) and high resolution (HREM) modes. The charge-discharge cycling studies were conducted in two-electrode configuration using CR 2032 coin cell Li/Li + /(C/LiFePO 4 ) between 2.7 and 4.2 V at different C rates in room temperature conditions. LiPF 6 (1 mol) solution in EC/DEC (1 : 1) was used in cells as an electrolyte. All galvanostatic measurements were carried out using ATLAS 0961 MBI system.
Results and Discussion
The results of the Raman spectroscopy (RS) measurements are presented in Figure 2 . The degree of carbon materials graphitization was characterized using the integral intensity ratio D/G, where the D band (defect mode at about 1350 cm −1 ) corresponds to sp 3 diamond-like carbon structures and the G band (about 1600 cm −1 ) to sp 2 graphitic structures [14] [15] [16] [17] .
It was found that the graphitization degree increased with a decrease in the D/G ratio. The lowest value of the D/G ratio was observed for MPNVF precursor. This indicates the formation of the highest amounts of the graphite domains in the carbonized sample compared to the other precursors. Also, the G peak of the carbonized MPNVF precursor was downshifted and its width decreased, which suggests 2D ordering (1st phase of graphitization) [14] [15] [16] . Thus, the modification of PNVF by pyromellitic acid improves the polymer carbonization and the carbon layer formation. This may result from the fact that the planar structure of the PMA molecules serves as a nucleus of the graphite domains, which compete with the formation of the disordered structures. Likewise, for the same precursor the highest carbonization efficiency (the lowest loss of the carbon atoms from the precursor) was achieved ( Table 1) .
The results of the electrical conductivity measurements carried out on the C/ -Al 2 O 3 samples are presented in Figure 3 (a). As expected, the electrical conductivity of the composites increased with an increase in carbon loading. For the PNVF precursor, however, this increase was found much slower above 12 wt.% of C. Such an effect was not observed for the CCL obtained from the PAN and MPNVF precursors. By contrast, the activation energy of electrical conductivity remained nearly constant in the range of carbon content studied, suggesting a preservation of the conductivity mechanism of the CCL. Of the samples examined, the best electrical properties, that is, the highest conductivity and the lowest activation energy, were revealed by the composite based on the MPNVF precursor. Taking into account the results of the RS measurements, it may be concluded that the improvement of the electrical conductivity arose from the action of the pyromellitic acid modifier facilitating the achievement of the 2D ordered graphite structure. This way the desired value of the electrical conductivity of 10 −2 S cm −1 was achieved. Simultaneously, the lowest activation energy (about 0.08 eV) of the electrical conductivity for these composite materials was observed.
The change in specific surface area with the carbon content on the C/ -Al 2 O 3 composites is presented in Figure 3(b) . For all studied samples specific surface areas increased linearly with carbon loading up to 25-30 wt.%, the rate of this increase being dependent on the polymer precursor. This suggests that the initial porous structure of the CCL was preserved regardless of the carbon content. Interestingly, for the PNVF precursor surface areas measured in the low carbon loading region were found much higher than those for MPNVF. This difference means that the modification of PNVF, with the PMA modifier resulting in MPNVF, brought about the formation of another type of CCL, where most probably the formed graphite domains are locally arranged in a manner that they limit the formation of disordered carbon.
The N 2 -adsorption-desorption isotherms and pore size distributions in the C/ -Al 2 O 3 composites are presented in Figure 4 . The observed shapes of the isotherms (Figures 4(a)-4(c) ) correspond to the mixed I and IV types of isotherms (according to IUPAC nomenclature). Such shapes indicate the presence of micro-and mesopores within the CCL. The hysteresis loop of the H4 type (IUPAC) suggests the slotted pores located within the intergranular spaces. The textural properties of the composites on the other hand are generally similar, but there are differences in the pore size distribution (Figures 4(d)-4(f) ). The smallest pores were found in the composite obtained from the PAN precursor. This fact can be related to the applied preparation method, that is, the precipitation polymerization resulting in filling of the pores by carbon particles. Unlike the PAN derived composite, the PNVF derived composite (Figures 4(b) and 4(e)) revealed a highly porous structure with a relatively high number of micropores (about 30%), this morphology being in agreement with the highest specific surface area (Figure 3(b) ). By contrast, the composite derived from the MPNVF precursor showed a very uniform distribution of the mesopores with sizes within the range of 3-4.5 nm (Figure 4(f) ). Also, the specific surface area of this composite that is lower by about 50% than that of the unmodified precursor (PNVF) (Figure 3(b) ) suggests that a tighter carbon film with a lower content of the disordered carbon was formed in this sample.
Based on the electrical and morphological properties determined for the C/ -Al 2 O 3 composites derived from the polymer precursors under investigation, the following structural model of these materials may be proposed ( Figure 5 ). The CCL obtained from the PAN precursor ( Figure 5(a) ) consists of tightly packed small carbon particles, while that obtained from the PNVF precursor ( Figure 5(b) ) is built of carbon whiskers, this latter structure being reflected in a high specific surface area and a high share of micropores in this sample. This same PNVF precursor, when modified with pyromellitic acid (MPNVF precursor), strongly diminishes the specific surface area of the resulting composite, which is due to the formation of a tight, highly conductive carbon film with the defined porous structure that is dominated by mesopores with an arrow size distribution ( Figure 5(c) ).
The result, of the performed TEM studies on C/ -Al 2 O 3 composites obtained from MPNVF precursor, is presented in Figures 6(a) and 6(b) . A uniform dispersion of ceramic grains in an amorphous carbon matrix is observed in Figure 6(a) . Moreover, Figure 6 (b) revealed that obtained nanosized carbon coatings adhered closely to the ceramic support.
The C/ -Al 2 O 3 composite morphology together with the electrical properties (Figure 3(a) ) indicates that the MPNVF is an optimal polymer carbon precursor. Thus, the C/LiFePO 4 composite was prepared from MPNVF precursor with 5% of PMA with carbon content of 6 wt.%.
TEM observations of C/LiFePO 4 obtained from MPNVF correspond to those of the model composites. Charge-discharge cycling tests were carried out under C/10 rate. Figure 7 shows charge/discharge profiles of C/LiFePO 4 composites prepared form MPNVF. Curves for first, second, and tenth cycles are presented. From voltage profile shapes it can be seen that carbon layer undergoes activation during the first few cycles. Discharge capacity is c.a. 130 mAh g −1 after 10th cycle. Long term cycling stability tests show that composites with carbon coating prepared from PNVF precursor stopped working after 40 cycles and those with carbon prepared from MPNF were working stably with retained capacity after 100 cycles.
Complete structural and electrochemical analysis of C/LiFePO 4 composites obtained from different polymer precursors can be found in our previous work [17] .
Conclusions
The electrical and morphological properties of the model C/ -Al 2 O 3 composites showed a strong dependence on the nature of the polymer carbon precursors used to form carbon nanocoatings. This leads to the conclusion that the properties of CCL may be controlled by a proper composition of the polymer precursor. It was shown that the modification of poly-N-vinylformamide precursor with pyromellitic acid improved the electrical properties of the carbon coating and gave rise to the formation of the optimal pore structure. The proposed, water mediated, method of carbon coating of powdered supports, consisting of the use of polymer precursors, is capable of creating an appropriate mesoporous structure of the CCL which may assure easy pathways for ion transport (e.g., Li + ). The method combines coating from solution and solid phase and is easily scalable. This feature may be used in preparation of carbon coated cathode materials composite for lithium-ion batteries. Moreover, these carbon films exhibit good electrical properties, which already fulfill the demand for low-conducting cathode materials (e.g., LiFePO 4 ) to be applied in lithium-ion batteries. Also, due to its tightness, the CCL formed with use of the MPNVF precursor should be capable of improving chemical resistance of the cathode materials to the action of the electrolyte in the battery. On the other hand, the proposed method of C/ -Al 2 O 3 composites formation, showing relatively high specific surface area and controlled porous structure of carbon layers, may be applied in preparation of novel composite adsorbents.
